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We report on a combined study of the de Haas-van Alphen effect and angle resolved photoemission
spectroscopy on single crystals of the metallic delafossite PdRhO2 rounded off by ab initio band
structure calculations. A high sensitivity torque magnetometry setup with SQUID readout and
synchrotron-based photoemission with a light spot size of 50µm enabled high resolution data to
be obtained from samples as small as 150 × 100 × 20 (µm)3. The Fermi surface shape is nearly
cylindrical with a rounded hexagonal cross section enclosing a Luttinger volume of 1.00(1) electrons
per formula unit.
PACS numbers: 71.27.+a,71.18.+y,71.15.Mb
In recent years delafossite layered metallic oxides [1]
have attracted considerable attention because of their ex-
tremely high electrical conductivity and the simplicity of
their electronic structure [2]. The delafossite structure of
general formula ABO2 features alternating triangularly
co-ordinated A metal layers separated by BO2 layers in
which B is a transition metal in a trigonally distorted oc-
tahedral co-ordination with oxygen [3]. The layer stack-
ing sequence results in there being three formula units per
hexagonal unit cell, with the space-group R3m. Many
delafossites are semiconducting or insulating, but those
with A site metals Pd or Pt are highly anisotropic metals
in which conductivity in the layers is hundreds of times
larger that that perpendicular to them. Even at room
temperature, the in-plane resistivities of non-magnetic
PtCoO2 and PdCoO2 are just over 2µΩcm [4, 5], lower
than that of any elemental metal except Ag and Cu. Tak-
ing into account the factor of three lower carrier density
in the delafossites, they have a room temperature mean
free path at least a factor of two longer than even that of
pure Ag. The resistivity falls rapidly with temperature,
and resistive mean free paths of over 20µm have been
observed in PdCoO2 [4].
The Fermi surface of the known delafossite metals is ex-
tremely simple. In non-magnetic PdCoO2 and PtCoO2,
it is a single, weakly corrugated cylinder with nearly
hexagonal cross-section [5–9]. In PdCrO2, a similar cylin-
der is observed above 40 K, but at low temperatures very
small gapping is detected, due to coupling between spin
ordering in the CrO2 layers and the states in the broad
conduction band whose dominant character is Pd 4d/5s-
like [10–13]. Electron counting in PdCrO2 highlights the
role of correlations in the transition metal layer of the
delafossites: the CrO2 layer is Mott insulating [13].
The knowledge to date of the delafossite metals there-
fore points to an interesting and very unusual situation
in which there is a close interplay between an extremely
broad conduction band with a Fermi velocity of order
8 × 105 ms−1 (close to the free electron value) and 3d
transition metal states for which correlations are known
to be strong. The situation is made even richer by the
fact that the weakly- and strongly-correlated states arise
from different layers in the crystal structure. Delafossites
are like a naturally-occurring example of the kind of het-
erostructures that many groups world-wide are trying to
synthesize artificially, and a natural structural class on
which to base future layer-by-layer synthesis.
The unique combination of properties highlighted
above has already led to the observation of fascinating
physics, notably the observation of huge c-axis magne-
toresistance oscillations [14, 15], the unconventional Hall
effect [16], and hydrodynamic electron flow [17], and it
seems likely that new regimes of mesoscopic transport
will be attainable via focused ion beam microstructuring
of single crystals.
All of these phenomena are expected to be strongly
sensitive to the details of the Fermi surface shape, i.e. the
curvature of the in-plane hexagon, as well as the out-of-
plane warping. To unlock the full potential of the delafos-
site oxides and to yield new physics, it is crucial to have
access to slightly different Fermi surface topographies and
different levels of correlation in the ABO2 layers, while
preserving the overall simplicity of the electronic struc-
ture. There is a pressing need, therefore, to have as many
such metals available for precision study as possible. So
far, the only monovalent delafossite metals for which sin-
gle crystals exist are PdCoO2, PdCrO2 and PtCoO2 in
which the B-site cations are 3d transition metals [18].
Based on preliminary studies on powders and polycrys-
talline thin films, as well as electronic structure calcula-
tions [19–21], PdRhO2 is thought to be metallic and also
to have a single conduction band. Hence this material of-
fers the opportunity to study the effect of varying Pd-Pd
overlap integrals, as well as the effect of changing on-site
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Figure 1. Planar Fermi surface topography of PdRhO2
as determined by angle-resolved photo-emission spectroscopy
(ARPES), density functional theory (DFT) calculations, and
in-plane Fermi surface harmonics quoted later in Tab. I. DFT
and surface harmonics data have been rescaled by −6 % to fit
the ARPES results.
correlation and spin-orbit coupling strengths by moving
to a 4d B site transition metal.
Recently, we have succeeded in crystallizing PdRhO2
[11]. Here, we report a comprehensive study of de Haas-
van Alphen (dHvA) measurements on this new material,
and combine the dHvA data with information from an-
gle resolved photoemission spectroscopy (ARPES) to de-
termine the Fermi surface with high precision. We also
highlight the potential of PdRhO2 to test and refine the
accuracy of modern many-body electronic structure cal-
culations.
Crystal growth and characterization of single crys-
tals of PdRhO2 is described in [11, 23]. De Haas-van
Alphen oscillations of two PdRhO2 crystals from the
same growth batch were observed at temperatures be-
tween 100 mK and 4 K in magnetic fields up to 15 T. The
respective sample sizes were approximately 200 × 300 ×
50 (µm)3 and 150 × 100 × 20 (µm)3. Experiments were
performed using an ultra-low noise SQUID torque magne-
tometer, installed on a MX400 Oxford Instruments dilu-
tion refrigerator with a 15/17 T superconducting magnet
and 270o Swedish rotator with an angular accuracy of
∆θ = ±0.2◦. The magnetometer utilizes piezoresistive
PRC400 micro-cantilevers and a two-stage dc-SQUID
as highly sensitive read-out, offering an unprecedented
torque resolution of ∆τ = 2×10−13 Nm at lowest temper-
atures [4, 25]. Data were taken at constant temperatures
whilst the magnetic field was swept from 15 to 7.5 T at
a rate of 30 mT/min.
ARPES was performed using the I05 beamline of Dia-
mond Light Source, UK. Samples were cleaved in-situ at
the measurement temperature of 13 K, and probed using
linear horizontal polarisation light with a photon energy
of 110 eV and spot size of ≈ 50µm. As well as the bulk
Fermi surface extracted here, surface states indicative of
a RhO2-termination were also observed in the experiment
[26].
Relativistic density functional (DFT) electronic struc-
ture calculations including spin-orbit coupling were per-
formed using the full-potential FPLO code [27–29], ver-
sion fplo14.00-47 within the general gradient approxima-
tion (GGA). Coulomb repulsion in the Rh-4d shell was
simulated in a mean field way applying the GGA+U ap-
proximation in the atomic-limit-flavor [11, 23].
The calculated and ARPES-measured Fermi surfaces
of PdRhO2 are compared in Fig. 1. The ARPES mea-
surements yield a Luttinger count of 0.94(4) electrons
per formula unit. Similar to ARPES measurements of
other metallic delafossites [5, 10], this is slightly smaller
than the half-filled band expected from electron count-
ing, which is likely due to a small shift of the Fermi
level arising from a polar surface charge. Nonetheless,
apart from some small distortions related to details of the
experiment [23], the measured Fermi surface is in good
agreement with the projection of that calculated from
density-functional theory on to the two-dimensional Bril-
louin zone, if they are scaled to the same total area. The
calculations indicate a highly two-dimensional Fermi sur-
face, entirely consistent with sharp spectral line widths
observed in the ARPES which rule out significant kz dis-
persion. These therefore show that the interplane dis-
persion in PdRhO2 is extremely small; the de Haas-van
Alphen effect is one of the few experimental probes ca-
pable of resolving the resulting kz dependent features in
the Fermi surface [30].
In Figure 2 we show background subtracted magnetic
torque data for a selection of magnetic field angles θ with
respect to the crystallographic c-axis within the ZΓL-
plane. Strong quantum oscillations are visible for all
magnetic field angles (see Fig. 2a) and b)). The 1/ cos(θ)
angular dependence of the two quantum oscillation fre-
quencies (dashed line in Fig. 2c) evidences the quasi-two-
dimensional Fermi surface topography, while the beating
of the envelope function is the first indication of out-
of-plane dispersion. The lower and higher frequencies,
labeled Fβ and Fα, correspond to minimal and maximal
extremal orbits respectively. These are also evident in the
Fourier transforms of Fig. 2c), which were taken over a
magnetic field interval from 7.5 to 15 T. For better ac-
curacy the frequency splitting close to the Yamaji angles
was derived from the beating envelopes.
For B‖c, the mean quantum oscillation frequency F 0 =
(Fα(0) + Fβ(0))/2 = 26.25 kT is equivalent to a Fermi
surface cross section of A = 2.505 A˚−2. Considering the
room-temperature lattice constants [11] this corresponds
to 50.3 % filling of the first Brillouin zone (4.9814 A˚−2)
and Luttinger count of 1.006(10), where the error esti-
mate is dominated by the likely effects of thermal con-
traction. Thus, in agreement with ab-initio band struc-
ture calculations, the electronic structure of PdRhO2 is
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Figure 2. Magnetic torque de Haas-van Alphen signal of PdRhO2 at T ≈ 100 mK. a) shows the magnetic field dependence of
the de Haas-van Alphen oscillations for a selection of magnetic field angles within the ZΓL-plane. The data were background
subtracted by a 2nd-order polynomial. A zoom of the high field oscillations is shown in b). c) displays the Fourier transforms
corresponding to the oscillations shown in a). Data have been multiplied and offset for clarity. The dashed line shows the
1/ cos(θ)-angular dependence of the mean quantum oscillation frequency F for a 2D Fermi surface.
described by a single half-filled band with 1.00 charge
carriers per formula unit.
The effective cyclotron mass, Dingle temperature and
mean free path were determined for fields close to the
c-axis. Details of the analysis are given in [23]. The
key results are the masses mα = 1.43(5)m0 and mβ =
1.63(5)m0 and the mean free path is 225(30) nm.
In order to analyze the Fermi surface topography fur-
ther, we now turn to the angular dependence of the ob-
served frequency splitting. The quantum oscillation fre-
quencies for magnetic fields within the crystallographic
ZΓK and ZΓL-planes corrected by cos(θ) are shown in
Fig. 3. Only the frequency splitting around the mean
frequency F is shown, as the angular inaccuracy of our ro-
tator leads to sizable frequency offsets especially at larger
angles. For the raw data and detailed analysis of the an-
gular uncertainty see [23].
The Fermi surface warping, i.e. azimuthal and height
dependence of kF , can be parametrised in cylindrical har-
monics:
kF =
∑
µ,ν≥0
kµ,ν cos(νκ) cos(µφ), (1)
where κ = c∗kz is the reduced z-coordinate and φ the
azimuthal angle [31]. Note that c∗ = 6.034 A˚ is the
interlayer spacing, which is a third of the c-axis lat-
tice constant. Due to the hexagonal lattice symmetry
and R3m(D53d) space group, kµ,ν are limited to (µ, ν) ∈
{(0, 0); (0, 1); (0, 2); (0, 3); (3, 1); (6, 0); (12, 0)} and higher
order terms. By fitting to the frequencies shown in Fig.
3, as described in detail in [23], we are able to deter-
mine k0,0 and all relevant kµν with ν ≥ 1. The in-plane
parameters k6,0 and k12,0 were obtained from the Fermi
surface shape of Fig. 1 [23]. The respective parameters
and Fermi surface topology are summarized in Tab. I.
Knowledge of the warping parameters of PdRhO2 and
a comparison with those previously deduced for its sis-
Table I. Experimentally determined cylindrical harmonic ex-
pansion parameters of PdRhO2:
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Cylindrical Harmonic Expansion Parameters
k0,0 k0,1 k0,2
0.8931(1) 0.0040(2) 0.0000(2)
dHvA dHvA dHvA
k3,1 k6,0 k12,0
0.0060(2) 0.028(6) 0.002(2)
dHvA ARPES [26] ARPES [26]
ter compound PdCoO2 [4] yields considerable insight into
interplane hopping and coherence in the metallic delafos-
sites. In both materials the dominant interplane terms
are k0,1, qualitatively corresponding to direct Pd-Pd hop-
ping along the c-axis, and k3,1, which results from hop-
ping via the Co or Rh layers. In going from Co to Rh,
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Figure 3. The graph shows the angular dependence of
the quantum oscillation frequencies for magnetic field an-
gles within the crystallographic ZΓK-plane (a) and ZΓL-plane
(b). Dark blue and violet symbols are data points taken on
the same PdRhO2 single crystal, whereas light blue symbols
originate from a second sample from the same growth batch.
Black dashed lines correspond to the cylindrical harmonic ex-
pansion of best fit. The associated harmonic parameters can
be found in Tab. I.
several effects are expected to compete. Rh is larger,
with more extended 4d orbitals, so its presence increases
the in-plane a and interplane c lattice parameters, by
approximately 7 % and 2 % respectively. This lattice ex-
pansion would be expected to lead to less effective c-axis
Pd-Pd hopping, consistent with the observation that k0,1
is a factor of 2.7 smaller in PdRhO2 than in PdCoO2.
For hopping via the Co/Rh layer the situation is more
subtle. If correlations in that layer are ignored, an LDA
calculation predicts a much larger k3,1 term in PdCoO2
than is actually observed. However, if some account is
taken of that correlation by assuming a realistic on-site
repulsion energy U of several eV [4, 23], the hybridization
with the conduction band is strongly suppressed, reduc-
ing the calculated value to close to the experimental one
of k3,1 = 0.001. Qualitatively, the lattice parameter ex-
pansion caused by moving from Co to Rh, which naively
would be expected to reduce k3,1, is more than offset by
the reduction in U for the 4d states of Rh and an increase
in Pd-Rh overlap. The result is a slightly larger value of
k3,1 = 0.006.
Overall, the Fermi surface of PdRhO2 is extremely
anisotropic, and the most two-dimensional of any metal-
lic delafossite. Under the assumption of a single scat-
tering time τ , the kµ,ν harmonics can be used to esti-
mate the resistive anisotropy. For a single band metallic
delafossite with an assumed circular Fermi surface (the
hexagonal cross-section of Fig. 1 only alters this estimate
by a few per cent) the relevant expression is
ρab
ρc
=
d2
2
∑
ν,µ>0
ν2k2µ,ν (1 + δµ0) (2)
where d is the interlayer spacing and δ the Kronecker
delta function. Since k0,1 contributes more strongly to
this sum than k3,1, PdRhO2 is predicted to have a larger
anisotropy (≈ 1300) than PdCoO2. Preliminary trans-
port data [11] are consistent with this prediction, though
a more careful transport study with a range of sam-
ple sizes is desirable. The larger size of Rh also af-
fects the in-plane Pd-Pd overlaps and reduces k6,0, k12,0
and the Fermi velocity vF. Using k0,0 and the measured
masses leads to a Brillouin zone averaged Fermi velocity
vF = h¯k0,0/m
∗ = 6.8 × 105 ms−1. This is smaller than
that of PdCoO2 by approximately 10 %, consistent with
the a lattice parameter being 7 % larger in PdRhO2.
Although it is possible to qualitatively account for the
trends of the warping harmonics and Fermi velocity on
going from PdCoO2 to PdRhO2, the resolution of the
data that we have presented provides a considerable op-
portunity to refine the quality of electronic structure cal-
culations. Despite the lower correlation energies for 4d
Rh and Pd than for 3d transition metals, correlation still
plays an important role in determining the details of the
observed Fermi surface, and in tuning the degree of in-
terlayer hopping. Knowing the experimental warpings at
0.1 % resolution presents a considerable challenge to ”ab
initio plus correlation” theoretical approaches. It will be
intriguing to see if any are capable of accounting for the
values that we report for k6,0, k12,0, k0,1, k0,2, k3,1 and
vF. Although this seems a difficult task, PdRhO2 will be
an ideal material on which to benchmark the progress of
the field. Preliminary attempts to add a single U on the
Rh site were not successful in matching all the parame-
ters simultaneously; refinement at the level of individual
Wannier functions is likely to be necessary.
A further property of note is the extremely high overall
anisotropy of the measured Fermi surface. If sufficiently
high anisotropies can be obtained in very clean materials
like the metallic delafossites, it is possible that at high
magnetic fields a limit could be reached in which all elec-
trons are restricted to a single Landau level of very high
index. Hence the physics of singly occupied Landau lev-
els, long thought to be restricted to low density electron
5gases, might be observable at full metallic electron densi-
ties. Although the total bandwidth along kz in as-grown
PdRhO2 is very small, it is still 40 meV, implying that
a field of nearly 500 T would be required to reach this
limit. However, this observation provides motivation to
try to produce a still more anisotropic material, perhaps
using uniaxial pressure in PdRhO2 or by growing crystals
of the next compound in the series, PdIrO2. This latter
material is also of considerable interest as a candidate
triangular lattice superconductor.
In summary, we have successfully established the Fermi
surface topography of the metallic delafossite PdRhO2,
using a combination of angle-resolved photoemission
spectroscopy and high resolution torque magnetometry
studies of the de Haas-van Alphen effect. Our results es-
tablish it as a benchmark material for the study of high
purity quasi-two dimensional metals, and for the develop-
ment of high precision electronic structure calculations.
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6SUPPLEMENTARY ONLINE MATERIAL -
QUASI TWO-DIMENSIONAL FERMI SURFACE
TOPOGRAPHY OF THE DELAFOSSITE
PDRHO2
1. Sample Preparation and Characterization
1.1 Samples
Figure 4 shows the two samples whose quantum oscil-
lations were studied in this article. Both samples were
mounted on PRC400 piezo-electric micro-cantilevers [1]
with Apiezon N-grease. Using grease allows us to reori-
ent the sample on the cantilever, whilst it forms a solid
bond at low temperatures.
1.2 Laue Diffraction
Laue x-ray diffractograms (Fig. 5) of the large PdRhO2
single crystal (200×300×50µm) in the orientiation shown
in Fig. 4b) were taken to confirm its single crystallinity
and orientation. For this diffraction measurement the
sample was still mounted on the micro-cantilever and sil-
ver sample holder used in the rotation study of the dHvA
oscillations. A collimator of 0.5 mm diameter was used,
probing the entire sample at once.
The diffractogram (Fig. 5) only shows higher order
Bragg peaks of PdRhO2. The [100] and [110] reflections
(note that these are the hexagonal representation of the
rhombohedral unit cell) are masked by the silver sam-
ple holder to the left and right of the image. However,
the Bragg peaks show the single crystallinity and orien-
tation of the sample. The rotational axes for the angular
dependence of the dHvA frequencies are shown in the
Laue pattern (Fig. 5) and sample photos (Fig. 4). Thus,
in the orientation shown in Fig. 4b), the sample is ro-
tated around the [110] direction corresponding to mag-
netic fields within the ZΓL plane.
200 μm
rotational
axis
c-axis
a
a
a
Figure 4. Photos of two PdRhO2 samples mounted on 400µm piezo-resistive micro-cantilevers for magnetic torque measure-
ments. a) and b) show large sample #1 mounted for magnetic fields within the ZΓK and ZΓL-plane respectively c) shows a
second, much smaller sample #2 from the same growth batch mounted for measurements within the ZΓK-plane. a and c refer
to a hexagonal representation of the rhombohedral structure.
7[h00]
[hh0] rotational
axis
[001]
Figure 5. Laue diffractogram of the large PdRhO2 single crys-
tal in the orientation shown in Fig. 4b). The rotation axis is
as indicated by the dash-dotted line.
2. Angle-Resolved Photo Emission Spectroscopy
(ARPES)
As stated in the main article, the in-plane warping pa-
rameters k6,0 and k12,0 of the PdRhO2 Fermi surface were
extracted from a slightly distorted Fermi surface contour.
The measured ARPES Fermi surface displayed in
Fig. 1 of the main text exhibits slight distortions from
the expected 3-fold rotational symmetry within the sur-
face Brillouin zone, which we attribute to the presence
of slight surface inhomogeneity, small positioning errors
from the center of rotation of the sample manipulator,
or possibly small residual fields or local work-function
variations introducing distortions on the outgoing elec-
tron trajectories. The data shown in Fig. 1 of the main
text were used to establish the quoted k6,0 and k12,0, but
numerically correcting the distortions makes only a tiny
quantitative change to the extracted values.
Fig. 6 shows the Fermi surface as determined by
ARPES and the corresponding azimuthal dependence of
the Fermi wave vector. As can be seen the in-plane
warping-parameters stay constant within the error bars
when the distortion is numerically corrected.
-1.0
-0.5
0.0
0.5
1.0
-1.0 -0.5 0.0 0.5 1.0
Γ M
Γ K
(a)
k
x
(Å-1)
k
y
(Å
-1
)
Corrected FS
0.90
0.85
0.80
k
F
(Å
-1
)
Å-1 Å-1
(b)
As measured
0.90
0.85
0.80
k
F
(Å
-1
)
350300250200150100500
(°)
Corrected
Å-1
Å-1 Å-1 Å-1
Figure 6. (a) Fermi surface of PdRhO2 extracted from
ARPES measurements, after correction of the angular dis-
tortions. This was achieved by fitting Fermi momenta (each
averaged over a 4◦ azimuthal bin width) at 24 points equally
spaced around the Fermi surface, and enforcing these to be
symmetric at time-reversal equivalent points of the surface
Brillouin zone (i.e. ±kF = ±0.5(k+−k−)). This yielded a set
of anchor points for an angular remapping of the measured
Fermi surface. The extracted Fermi momenta from angular
cuts around the Fermi surface is shown (b) before and (c) after
this distortion correction. Fits to the in-plane harmonic com-
ponents are shown as red lines. These yield almost identical
values with and without applying the distortion correction.
83. de Haas-van Alphen (dHvA)
3.1 Effective Mass Analysis
Cyclotron masses of both extremal orbits were deter-
mined from a temperature dependence of the quantum
oscillation amplitude at a magnetic field angle of +5◦
within the ZΓL-plane. Figure 7 shows the measured
quantum oscillation spectra for temperatures between
100 mK and 4.5 K. Due to the poor thermal conductance
of the micro-cantilevers at millikelvin temperatures, sam-
ple temperatures below 200 mK were calculated accord-
ing to [4] using the stabilized rotator temperature and ex-
citation current of 10µA. As can be seen the two dHvA
frequencies are strongly suppressed with increasing tem-
perature. Both temperature dependencies are well de-
scribed by the Lifshitz-Kosevich temperature reduction
term:
RT =
x
sinh{x} with x =
pi2m∗kBT
µBB
(3)
(see inset of Fig. 7 of the main text) The corresponding
cyclotron masses are mβ = (1.63 ± 0.05)m0 (26.06 kT)
and mα = (1.43± 0.05)m0 (26.53 kT).
3.2 Dingle Analysis
Information about the mean free path and charge car-
rier scattering times can be drawn from the magnetic
field dependence of the quantum oscillation amplitude.
 F (kT)
20 21 22 23 24 25 26 27 28 29
FF
T(
"
=) 
(ar
b. 
un
its
)
100 mK
500 mK
1.0 K
1.5 K
2.0 K
2.5 K
3.0 K
3.5 K
4.0 K
4.5 K
 T (K)
0 2 4 6F
FT
("
=) 
(ar
b. 
un
its
) F,
F-
m, = (1.43'0.05) m0
m- = (1.63'0.05) m0
Figure 7. Quantum oscillation spectra at a magnetic field
angle of 5◦ within the ZΓL-plane for temperatures between
100 mK and 4.5 K. Fourier transforms were taken in the mag-
netic field window of 13 to 15 T. The inset shows the temper-
ature dependencies of the two quantum oscillation frequencies
and the according fit to the Lifshitz-Kosevich temperature re-
duction term [2, 3].
The magnetic field dependence is described by the Din-
gle term:
RD = exp
{
−pi
2m∗kBTD
µBB
}
, (4)
where TD is the Dingle temperature, which is indirect
proportional to the scattering time τ = h¯/(2pikBTD).
As strong beating occurs in PdRhO2, a direct fit of the
Dingle term to the quantum oscillation envelope is sub-
ject to large errors. Thus, we pursue an alternative ap-
proach and determine the Dingle temperature from the
line width of the quantum oscillation spectrum Fig. 8b).
For this the torque data are corrected by
√
B to account
for the intrinsic magnetic field dependence of the Lifshitz-
Kosevich equation. The exponentially decaying envelope
transforms in a Lorenzian line shape, whose full-width-
half-maximum is ∆F = TDpim
∗kB/µB [6]. From the
Dingle spectrum Fig. 8, we extract Dingle temperatures
of T βD = 3.6 K and T
α
D = 3.8 K and scattering times of
τβ = 3.4 × 10−13 s and τα = 3.2 × 10−13 s respectively.
Taking into account the extremal Fermi surface cross sec-
tions and cyclotron masses, we obtain Fermi velocities of
vβF = 633 km/s and v
α
F = 725 km/s (vF = h¯kF/m
∗) and
electron mean free path of l = τ × vF ≈ (225± 10) nm.
3.3 Angular Dependence
To determine the angular dependence of the quantum os-
cillation frequencies, magnetic torque measurements were
performed between 7.5 T and 15 T in angular steps of 2.5◦
for magnetic fields applied in the ZΓK and ZΓL plane
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Figure 8. Dingle magnetic field dependence of the quantum
oscillation amplitude at 100 mK corrected by
√
B [5]. The
Dingle temperature and scattering times for both orbits are
inferred from the line width of the quantum oscillation spec-
trum shown in the inset. The dashed lines show the Dingle
envelopes corresponding to the inferred line widths and effec-
tive masses.
9 F (kT)
25 26 27 28 29 30
FF
T(
"
=) 
(ar
b. 
un
its
)
-40
-30
-20
-10
0
10
20
30
40
Z!K
B || c
-30o
-20o
-10o
10o
20o
30o
 F (kT)
25 26 27 28 29 30 31 32 33 34 35 36
FF
T(
"
=) 
(ar
b. 
un
its
)
-40
-30
-20
-10
0
10
20
30
40
Z!L
B || c
-30o
-20o
-10o
10o
20o
30o
Figure 9. Quantum oscillation spectra as determined from
Fourier transforming ∆τ over 1/B in the magnetic field inter-
val of Blow = 7.5 T to Bup = 15 T after multiplication with
exp(−α/B) where α = 5(Bup − Blow) to suppress low field
noise. Data are offset by units of their angle for clarity.
respectively. After subtracting a B2-background and fil-
tering the magnetic torque data, fast Fourier transforms
(FFTs) were taken as a function of 1/B. The resulting
quantum oscillation spectra are shown in Fig. 9.
Quantum oscillation frequencies were determined from
the peak positions of the FFTs and given in Fig. 10.
As shown in the main article, their main angular de-
pendance F (θ) = F0/ cos(θ) is given by the quasi two
dimensional shape of the Fermi surface. Here, θ is the
polar angle formed by the crystal c axis and the direction
of the magnetic field. As we are interested in variations
of the almost perfectly cylindrical shape, we correct for
this angular dependence when determining the warping
parameters.
3.4 Angular uncertainty
The mounting procedure for the sample, micro-cantilever
and sample holder to the rotator induces an angular un-
certainty of up to ±2.5◦ of the sample with respect to the
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Figure 10. Raw quantum oscillation frequencies corrected by
cos(θ). Black and blue symbols mark the strongest and weaker
quantum oscillation frequencies as determined from the FFTs
Fig. 9. Circles and Squares correspond to the larger sample
#1 and smaller sample #2 respectively.
magnetic field. Parallel alignment to the c-axis, i.e. θ0,
was determined by the most symmetric 1/ cos{θ} angular
dependence. Fig. 12 depicts how a small variation of the
θ0 moves the quantum oscillation frequencies away from
the cylindrical behavior especially for large angles.
Additionally to that systematic angular shift, we will
discuss the angular uncertainty of our Swedish rotator
as possible source of the scattering of the mean quan-
tum oscillation frequencies. Figures 10a) and b) show
the raw quantum oscillation frequencies corrected by
cos{θ}. As can be seen the mean of the individual fre-
quency pairs scatter around a common value of approx-
imately 26.25 kT. In order to quantify possible origins
of this scatter, we calculate the actual angle of each fre-
quency pair from its mean frequency and the theoreti-
cal F (0)/ cos{θ}-angular dependence assuming F (0) =
26.25 kT. A histogram of the discrepancy between the
nominal and actual angle is shown in Figure 11.
We find that the angular discrepancy follows a stan-
dard distribution with a standard deviation of approx-
imately 0.2◦, which is in agreement with the technical
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Figure 11. Histogram of the rotational error of the Swedish
rotator as calculated from the discrepancy between the exper-
imental and theoretical angular dependence of the quantum
oscillation frequencies.
specifications of our Swedish rotator.
Scatter, originating from an angular uncertainty of the
order of 0.2◦ results in an error of the cos(θ)-scaling fac-
tor of approximately 0.2 % at θ = 30◦ and up to 0.6 %
at θ = 60◦. This effect can be seen in Fig. 10, where
the scatter of the mean frequency is most severe at large
angles. The quoted error of up to 0.6 % induces a shift of
the mean frequency of ≤ 150 T. The induced change of
the frequency splitting, however, is only ≤ 3 T, which is
far beneath our experimental frequency resolution. Thus
the change of the frequency splitting is negligible and
in Fig. 3 of the main article, the frequency splitting
∆F × cos{θ} is given as measured whereas the mean
frequency is corrected to the expected frequency F0 at
this angle. This introduces an artificial symmetrization
of the frequency splitting, by which some information
about the angular dependence of the average frequency
and therefore the component k0,2 of the harmonic ex-
pansion is lost(see below). At larger angles, only the
strongest quantum oscillation frequency is visible due to
a poorer signal to noise ratio. Hence there is no infor-
mation about the frequency splitting for these angles in
Fig. 3 of the main article.
3.5 Cylindrical harmonics expansion
The angular dependence of the quantum oscillation fre-
quencies due to the warping described in Eqn. 1 of the
main text can be described by a Bessel function expan-
sion of the extremal cross section A:
A(κ) =
pik200
cos(θ)
+
2pik0,0
cos(θ)
∑
µ,ν kµ,νJµ(νκF tan θ)
× cos(νκ) cos(µφ), (5)
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Figure 12. The graphs show how the angular dependence of
the quantum oscillations within the ZΓL plane is distorted by
choosing a slightly different angle for θ = 0.
where µ and ν are the axial and azimuthal indices of
the cylindrical harmonics. The corresponding azimuthal
and polar angles are φ and θ. κF = ck0,0/3 is the reduced
planar Fermi wave vector and Jµ are the Bessel functions
[31]. These cross sections are used to calculate the oscil-
latory part of the magnetization, i.e. the de Haas-van
Alphen effect:
M˜ =
∫ 2pi
0
sin
(
h¯A(κ)
eB
)
dκ. (6)
Fourier transforming the oscillatory magnetization in
1/B leads to a theoretical angular dependence of the
quantum oscillation frequencies depending on kµ,ν .
k0,0 is uniquely determined by the mean quantum oscil-
lation frequency k0,0 =
√
2eF 0/h¯ for B‖c. By tuning the
harmonic parameters k0,1, k0,2 and k3,1, we achieved a
good fit to the experimental angular dependence (dashed
lines in Fig. 3 of the main text). Here, k0,1 is mostly
responsible for the frequency splitting around the c-axis,
whereas k3,1 determines the asymmetry between posi-
tive and negative field angles within the ZΓL-plane (Fig.
3b of the main text). The parameter k0,2 results in an
asymmetry of the angular dependence of the upper ver-
sus the lower frequency branch. By a comparison of the
raw data in Fig. 10 with the simulation, we estimate that
k0,2 < 0.0002.
Note that we had to allow for a ≈ 2◦ azimuthal mis-
alignment of ZΓK rotation plane to account for the ob-
served asymmetry between positive and negative polar
angles in Fig. 3a of the main text). Otherwise (for
perfect alignment) the quantum oscillation frequencies
within the ZΓK plane are independent of k3,1 and sym-
metric about θ = 0.
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Figure 13. Magnetic torque interaction induced by a com-
parably large magnetic moment and deflection of the micro-
cantilever.
3.6 Torque interaction
Close to the Yamaji angles (±25◦ forB ∈ ZΓK), we found
a sudden halving of the quantum oscillation frequency
and doubling of the quantum oscillation amplitude for
our large sample (see Fig. 13). The observed critical
fields are highly hysteretic and only weakly depend on the
magnetic field sweep rate. However they diverge quickly
away from the Yamaji angle.
A closer study of this feature revealed that it is caused
by magnetic torque interaction [2]. Here a large oscil-
latory magnetization, such as induced by the de Haas-
van Alphen oscillations in our samples, causes a non-
negligible deflection of the magnetic torque lever. This
deflection leads to a reduction of the effective applied
magnetic field in quasi-two-dimensional materials and
consequential extension of the quantum oscillation pe-
riod. Due to the simultaneous crossing of multiple Lan-
dau levels through the Fermi edge in these systems, the
resulting quantum oscillations are highly non-sinusoidal
and appear at fractions of the original frequency.
In our case, we observe saw-tooth like quantum oscil-
lations at highest fields and close to the Yamaji angle in
the bigger sample but sinusoidal quantum oscillations in
the smaller sample. Where the former shows a halving
of the quantum oscillation frequency and doubling of the
amplitude and the latter does not. This corroborates the
torque interaction, which is larger in the larger sample,
as the origin of the frequency change and excludes an
intrinsic origin for its observation.
3.7 Spin Zeros and g-factor
Figure 14 shows the angular dependence of the quantum
oscillation amplitude, as determined by discrete summa-
tion of the Fourier transforms (Fig. 9) above 25 kT. Gen-
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Figure 14. Angular dependence of the de Haas-van Alphen
amplitude. The amplitude was calculated by discrete sum-
mation of the Fourier transforms Fig. 9 for frequencies F ≥
25 kT. Yamaji angles are indicated by vertical dashed lines.
Note the absence of the first Yamaji angle in the ZΓL plane
for positive angles.
erally the quantum oscillation amplitude is described by
a superposition of the sin{2θ} magnetic torque angular
dependence of a 2D-electron gas, the Lifshitz-Kosevich
reduction terms (temperature, Dingle and spin reduc-
tion term) [2, 3, 5] and in case of multiple extremal or-
bits, their interference [7]. Besides the strong peaking of
the quantum oscillation amplitude at the Yamaji angles(
B ∈ ZΓK : ±25◦, ±46◦; B ∈ ZΓL : +21◦, +49◦, −53◦)
(see also main article) and the spin reduction term, all
other components follow a smooth angular dependence.
Thus it is possible to evaluate the spin splitting i.e. the
mean effective charge carrier moment or g-factor of a
Fermi surface orbit by the observation of spin zeros. In
Fig. 14 we observe an unexplained suppression of the
quantum oscillation amplitude at 13.5◦ ± 1.0◦. Due to
warping of the Fermi surface and presence of two ex-
tremal orbit the amplitude is not fully suppressed. Fol-
lowing the spin reduction term:
RS = cos
{
pigm∗(θ)
2
}
≡ 0 with : m∗(θ) = m
∗
cos{θ} (7)
and taking into account the cyclotron masses of m∗β =
(1.63 ± 0.03)m0 and m∗α = (1.43 ± 0.03)m0 (see also
main article), this angle corresponds to a g-factor of
g = (1.91 ± 0.12). However, due to the periodicity of
the spin reduction term, the determined g-factor is not
unique and other solutions g ∈ {3.18; 4.45; 5.71; ...}might
be possible [8].
4. Density Functional Theory Calculations
Relativistic density functional (DFT) electronic struc-
ture calculations including spin-orbit coupling were per-
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Figure 15. Calculated dHvA cross sections applying GGA (dark blue). To facilitate the comparison with the experimental data
(green symbols), the calculated frequencies have been shifted up by ≈ 0.3 kT. ”Symmetrized” calculated data (see main text)
are shown in light blue. The notation of field directions is provided in the main text.
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Figure 16. Calculated dHvA cross sections applying GGA + U (dark blue, U = 2.7 eV, J = 0.5 eV). To facilitate the comparison
with the experimental data (green symbols), the calculated frequencies have been shifted up by ≈ 0.2 kT. ”Symmetrized”
calculated data (see main text) are shown in light blue. The notation of field directions is provided in the main text.
formed on a 60 × 60 × 60 k-mesh, 18941 points in the
irreducible wedge of the Brillouin zone. The spin-orbit
(SO) coupling was treated non-perturbatively solving
the four component Kohn-Sham-Dirac equation [9]. For
the exchange-correlation potential, within the general
gradient approximation (GGA), the parametrization of
Perdew-Burke-Ernzerhof [10] was chosen.
To obtain the rather small deviations from a purely
2D Fermi surface accurately, a self adjusting k-mesh was
used to calculate the Fermi vectors. Interpolating the po-
tential for the dense k-mesh of the self consistent calcu-
lation (216.000 k-points), the k-mesh was refined around
the Fermi level iteratively to 1/32 of the original spacing,
thus effectively covering approximately 2000 k-points in
each direction of the Brillouin zone. The dHvA frequen-
cies were evaluated on an angular mesh of 1◦ and and 200
”slices” of the Brillouin zone along the respective field di-
rection.
The calculated cross sections, compared with the ex-
perimental data, are shown in Fig. 15. The calculated
averaged frequency F0 was sightly adjusted by (0.3 kT)
to match the experimental value of 26.25 kT, the devia-
tion is likely caused by the difference in lattice parameters
due to thermal expansion. Note that DFT calculations
are based on the room temperature lattice parameters
presented in [11]. Quantum oscillation and ARPES data,
however, are taken at 100 mK and 13 K respectively. For
the GGA calculation, we obtain a good qualitative agree-
ment with the experimental data with respect to shape
and asymmetry of the Fermi surface. The dispersion
along the z-direction, however, exceeds the experimental
value by approximately a factor of two. The calculated
Fermi velocities are sligthly underestimated, the corre-
sponding bare band masses are somewhat overestimated.
Simulating the Coulomb correlation in the Rh-4d shell
in a mean field way, applying the GGA + U scheme
(U = 2.7 eV, J = 0.5 eV), the overall agreement with
the experimental data is improved (see Fig. 16). For the
applied value U = 2.7 eV, the dispersion along z agrees
well with the experiment. In contrast, the asymmetry of
13
the calculated FS (see Fig. 16 right panel - ZΓL) is under-
estimated by the GGA + U scheme. Compared with the
pure GGA calculations, however, the calculated Fermi
velocities and the corresponding bare band masses are
significantly improved with respect to the experimental
data.
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